We performed ab initio calculations of the anisotropic dielectric response of small-diameter singlewalled carbon nanotubes in the framework of time-dependent density-functional theory. The calculated optical spectra are in very good agreement with experiment, both concerning absolute peak positions and anisotropy effects. The latter can only be described correctly when crystal local-field effects (''depolarization'' effects) are fully taken into account. Moreover, interactions between the tubes can strongly modify their absorption and electron energy-loss spectra. DOI: 10.1103/PhysRevLett.91.046402 PACS numbers: 71.45.Gm, 77.22.Ej, 78.20.Bh, 78.67.Ch Research on carbon nanotubes [1] has been expanding rapidly owing to their unique properties, mechanical response, electrical transport, and conduction, being metallic or semiconducting depending on their diameter and the helicity of the rolled graphene layer. The electronic structure and dielectric properties of the tubes are two key areas to study. Important progress has been made in determining experimentally the electronic structure and core-level (carbon K edge) spectra of isolated tubes by scanning tunneling spectroscopy [2] and spatially resolved electron energy-loss spectroscopy (EELS) [3] , respectively. On the other hand, the dielectric response in the frequency range of the electronic interband transitions and the collective excitations (plasmons) of the valence electrons (up to 50 eV) is not well understood, and the existing calculations focused on the low-energy excitations (see, e.g., Ref.
Research on carbon nanotubes [1] has been expanding rapidly owing to their unique properties, mechanical response, electrical transport, and conduction, being metallic or semiconducting depending on their diameter and the helicity of the rolled graphene layer. The electronic structure and dielectric properties of the tubes are two key areas to study. Important progress has been made in determining experimentally the electronic structure and core-level (carbon K edge) spectra of isolated tubes by scanning tunneling spectroscopy [2] and spatially resolved electron energy-loss spectroscopy (EELS) [3] , respectively. On the other hand, the dielectric response in the frequency range of the electronic interband transitions and the collective excitations (plasmons) of the valence electrons (up to 50 eV) is not well understood, and the existing calculations focused on the low-energy excitations (see, e.g., Ref. [4] ). Therefore, important questions concerning the electron interaction, excitations, and screening still remain unanswered. Furthermore, the role of intertube interaction in the spectra needs to be addressed especially in solids and bundles where the individual tubes are close packed and could interact with each other via long-range forces induced by the excitations. Experimentally [5] it has not been possible to answer the above questions since in the bulk solid and even in bundles the tubes are not perfectly aligned and do not have a well-defined diameter and helicity, rendering a random mixture of semiconducting and metallic tubes. Only recently optical absorption spectra were reported [6] for aligned tubes of a very narrow diameter distribution (4 0:2 A) allowing a direct comparison between experiment and theory. Since three possible tubular helicities exist for the range of diameters around 4
A -the armchair (3, 3) , the zigzag (5,0) and the chiral (4,2) -a reliable theoretical approach for calculating spectra would have a significant role in the interpretation and analysis of the experimental results on given tubes concerning their helicity and interaction.
Theoretical studies of the spectra of carbon tubes, besides model calculations [7] , are mostly limited to summing over independent band-to-band transitions obtained within the tight-binding method [8] or the densityfunctional theory (DFT) framework [9, 10] , or to calculations of the joint density of states (JDOS) [11] which use the band structure with no explicit evaluation of the transition matrix elements. As we will show below, these approximations are not sufficient for a full interpretation of the experiments. This was evident in two recent DFTbased studies of the optical absorption spectra of the 4 A-diameter tubes [9] . These calculations, although they successfully described the spectra for light polarized along the tube axis, could not explain the experimentally observed depolarization [4, 12] which takes place for perpendicular polarizations and renders the tubes transparent for frequencies below 4 eV [6] . This shortcoming is not due to the quality of the band structure calculation itself but instead due to the neglect of the induced microscopic components in the response to the external field, the local-field effects (LFE), which strongly modify the results. Also, induced exchange and correlation (XC) components obtained beyond the random-phase approximation (RPA) might contribute [4, 13] .
Today in the solid state ab initio framework, two main approaches include these effects [13] : First, Green's functions approaches adding self-energy corrections to the DFT Kohn-Sham band structure and including the electron-hole interaction via the solution of the BetheSalpeter equation give excellent results but they are computationally too cumbersome to be applied systematically to complex systems. The time-dependent Hartree-Fock (TDHF) method can be regarded as an approximation to this approach, since it can be obtained from the latter simply by neglecting correlation (i.e., screening) in the self-energy, whereas LFE are still retained. It was used in a semiempirical way to calculate optical spectra, including excitons, of carbon nanotubes [4] , also for the 4 A-diameter ones [14] . The results in the latter case did not explain adequately the observed peaks and also were in contradiction with the peak assignments obtained from DFT calculations [6, 9] . It is clear that in such systems with important metallic character a neglect of screening may lead to problems.
In this work we adopt a second approach, which is based on time-dependent DFT (TDDFT) [15] . LFE are formally correctly included. However, in practice XC are approximated; in particular, the adiabatic local density approximation (TDLDA) has been applied to many finite and infinite systems [13] and, of importance here (since the graphitic layers are the building block of the tubes), excellent results for the loss spectra of graphite were already obtained [16] . Here we report calculations of the absorption and loss spectra of the 4 A nanotubes in both RPA and the TDLDA.
We determined the ground state equilibrium geometry and Kohn-Sham band structure of parallel nanotubes arranged in a hexagonal lattice using ab initio, normconserving pseudopotentials and a plane-wave basis [17] . The calculations were done for the (3,3), (5,0), and (4,2) tubes, and for an intertube distance (distance between tube walls), equal to D t 5:5
A which leads to nearly isolated tubes. For the (3,3) armchair ones, we also performed calculations for a solid of interacting tubes with a distance D t 3:2 A close to the interlayer distance in graphite ( 3:4 A). From this starting point, the absorption spectra were computed through the macroscopic dielectric function " M ! for a periodic system from
(q is in the first Brillouin zone and G, G 0 are reciprocal lattice vectors). This is equivalent to calculating
, where is a modified response function which obeys the matrix equation 0 0 V V C f xc [13] . V V C q G is equal to the bare Coulomb interaction, V C , but without its long-range (G 0) contribution, 0 is the independent-particle polarizability, and f xc is the XC kernel obtained as the functional derivative of the LDA-XC potential with respect to the electron density [15] . Within RPA, f xc is assumed to be zero. Instead, V V C is the microscopic part of the density variation of the Hartree potential and corresponds to considering the off-diagonal elements of " in the matrix inversion in Eq. (1), i.e., to including LFE which are expected to be well described. When LFE are neglected, and moreover all transition matrix elements in 0 are supposed to be constant, one arrives at the widely used approximation that the absorption spectrum is proportional to the JDOS, i.e., proportional to the sum over independent transitions from occupied (v) to empty (c) states over the Brillouin zone points k, P v;c;k ck ÿ vk ÿ !. In Fig. 1 (upper panel) , we show the JDOS divided by the square of the excitation energy, for the (3,3) nearly isolated (thin line) and interacting (in the solid) (thick line) tubes. After an initial (< 1 eV) steep decrease, the two JDOS curves show an increase in the oscillator strength starting from 2 eV. For the isolated case, one sees a sequence of pronounced peak structures up to 5 eV which can be explained from the occurrence of direct interband transitions between the Van Hove singularities of the density of states (DOS). These peaks are smeared out in the JDOS of the solid where the tubes are strongly interacting [18] . The lower panels of Fig. 1 show the calculated spectra for light polarization perpendicular and parallel to the tube axis. Dashed lines are results in the RPA neglecting LFE, continuous lines including LFE. For parallel polarization, only the RPA results without LFE are presented because in this case both LFE and XC effects turned out to be negligible. This explains the 
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week ending 25 JULY 2003 VOLUME 91, NUMBER 4 046402-2 046402-2 coincidence between the peak positions predicted here (A, B, and C in Fig. 1 ) with those obtained for this polarization in recent DFT-RPA calculations [9] , where these effects were neglected and, therefore, justifies such a neglect for the parallel polarization. It is, hence, confirmed that one can predict the major peak structures of the experimental absorption spectrum (peaks A, B, and C in the inset of Fig. 1 ) with a good agreement (to within 0.2 eV for our results) allowing the assignment of the peaks to specific tubular helicities. The effect of intertube interaction, instead, is small for this polarization and consists of the broadening of the main absorption peak [thick solid curve for the (3,3) tubes]. This can be explained from an increase of the energy range of the possible interband transitions due to the interaction. When LFE are neglected, Im" M is proportional to Im 0 , and, hence, with respect to the JDOS, includes correctly transition matrix elements leading to a modification of intensities; it can, however, be seen that there is a strong resemblance and one-to-one correspondence between peaks in the weighted JDOS and in the spectra without LFE of the isolated (3,3) tubes for all major peak structures (both polarizations together). All these findings seem to indicate that a JDOS, and, hence, finally a band structure calculation, is enough to understand the spectra. However, for perpendicular polarization the experimental absorption spectrum has vanishing intensity in the frequency range up to 4 eV [6] (see inset of Fig. 1 , dotted curve). Neither the JDOS calculation nor the calculated absorption spectrum without LFE can capture this effect. The reason is that a depolarization effect [4, 12] takes place originating from the presence of microscopic electric fields due to the induced polarization charges after the application of the external field. These depolarization fields are only accounted for if LFE are included in the calculations. In Fig. 1 (second panel; continuous curve) it is, indeed, seen that LFE suppress the absorption peaks and render the tubes almost transparent below 5 eV in agreement with experiment. In contrast, the recent DFT-RPA calculations [9] were unable to reproduce this transparency since LFE were neglected. The TDLDA result (dotted curve; second panel) is similar to the RPA-with-LFE result: In both cases the low-energy absorption peaks are suppressed. This shows that the main effect comes from fluctuations of the Hartree, and not from those of the XC potential. LDA-XC effects only cause a small (0.3 eV) redshift of the remaining absorption peak to 5.5 eV, with respect to RPA with LFE. This is a characteristic behavior of finite systems [13] .
A similar impact of the LFE is found for the system of isolated (5,0) tubes (not shown). This drastic effect can be understood from the fact that for perpendicular polarization the tubes form a system of almost isolated, but highly polarizable, objects. An external field induces, hence, a local, i.e., microscopic, response -the LFE -which strongly weakens the total perturbation (i.e., it is a depolarization). The macroscopic response to this weak perturbation is only very moderate, because the electrons are localized on the tubes. This is totally different from a bulk metal or small-gap semiconductor, where even a very weak total perturbation still leads to a strong response at low frequencies. Parallel to the tube axis, the situation resembles in fact rather this latter case, which explains the absence of LFE for this polarization. The depolarization (for the perpendicular polarization) is much weaker when the tubes are interacting (third panel) making them no longer transparent, because the electronic states start to delocalize and the system is now more similar to a bulk metal. This has a very important consequence: It suggests that the intertube interaction can be detected experimentally in a qualitative study of the absorption spectra for perpendicular polarizations.
The intertube interaction has also an important effect on the loss function, notably in the range 15-35 eVof the higher-frequency plasmon. We stress here that, contrary to the absorption, the small-q loss function contains the full long-range Coulomb interaction [13] ; therefore the tubes cannot be considered as completely isolated objects in this calculation of the loss function with the 5:5
A intertube distance. We refer to the tubes in the latter geometry as distant. Figure 2 shows the RPA loss function, ÿIm1=" M , for the (3,3) tube, for a vanishing momentum transfer q parallel to the tube axis. For this orientation LFE are negligible. A strong shift of the plasmon from 22 to 28 eV due to intertube interactions in the solid can be seen [19] . The magnitude of this shift indicates a strong dependence of the plasmon frequency upon the intertube distance (hence, the average valence electron density) essentially following the plasmon-frequency dependence in the case of the homogeneous electron gas [20] . This shows that actually in the long-wavelength limit (q ! 0) and for parallel q orientations the tubes can be considered as homogeneous and highly polarizable media. Therefore the local atomic arrangement and helicities must play a secondary role and the present results for the plasmon should be representative for either of the three tubes since all of them (being of nearly the same diameter) possess the same average electron density. Consequently, we argue that, contrary to an optical absorption experiment, a small-q loss experiment measuring the plasmon cannot determine tubular helicities for a given tube diameter. Our assertion is further supported by the fact that an almost indistinguishable plasmon was also obtained for the (5,0) tube (not shown) and (for in-layer q orientation) in graphite at comparable average electron densities (to within 10%) [16] (dashed curves in Fig. 2 ). This shows that the loss function of the tubes for parallel q in this frequency range is governed by the averagedensity-dependent part of the in-layer graphitic response. Similar shifts, therefore, can also be expected in other graphite-based structures, e.g., multiwalled tubes. The present results outline the significance of the plasmon as a key measurable spectroscopic quantity which could gauge the intertube distances and interactions in real samples.
Before concluding, it is important to address the validity of RPA and TDLDA for the description of the optical spectra of nanotubes. In fact, RPA and TDLDA often give excellent results for loss spectra [13] including those of graphite [16] . The present work, however, shows good RPA absorption spectra for the carbon tubes despite the fact that both RPA and TDLDA are known to fail badly in the description of absorption spectra of many bulk materials [13] . This seeming contradiction can be explained as follows: Parallel to the tubes, the screening is large. Therefore, XC effects are damped. Perpendicular to the axis, the distant tubes behave essentially like isolated systems, where strong cancellations are known to occur between self-energy corrections and electron-hole interaction (i.e., between XC) effects [13] . The experimental precision is then not high enough (also due to the depolarization effect) to discern to which extent XC effects should be better described, beyond TDLDA.
In conclusion, we performed the first ab initio RPAwith LFE and TDLDA calculations of optical and energy-loss spectra of carbon nanotubes, obtaining a very good agreement with the existing absorption experiment. Our findings are relevant for understanding the dielectric response of other nanostructured and low-dimensional systems. We showed that the JDOS and the RPA neglecting LFE are not sufficient to fully interpret the experiment: LFE are crucial in order to explain the depolarization effect and the suppression of absorption peaks which occurs for the perpendicular polarization. The intertube interaction strongly weakens the depolarization and also determines the position of the plasmon in the loss function. The position and also line shape of this plasmon in the interacting and isolated tubes for small and parallel q are very similar to those of graphite and graphene even for the small-diameter size studied here. A. R. acknowledges support from the Ecole Polytechnique during a sabbatical leave and MCyT (MAT2001-0946). Computer time was granted by IDRIS (Project No. 544).
